Background: A large number of skin diseases, including atopic dermatitis and psoriasis, appear to be precipitated or exacerbated by psychological stress. Nevertheless, the specific pathogenic role of psychological stress remains unknown. In 3 different murine models of psychological stress, it was recently shown that psychological stress negatively impacts cutaneous permeability barrier function and that coadministration of tranquilizers blocks this stressinduced deterioration in barrier function.
A
LTHOUGH psychological stress appears to be capable of provoking, exacerbating, and propagating disease, 1-3 the possible causal relationship is obscured, at least in part, because chronic disease itself can lead to an increase in perceived stress. Moreover, the influence of psychological stress on disease is often perceived as being either too subjective or nonquantifiable for scientific assessment. 4 Yet, a number of studies point to a possible pathogenic link between psychological stress and disease. For example, sustained psychological stress is associated with alterations in both humoral and cellular immune responses. [5] [6] [7] [8] [9] [10] [11] [12] Furthermore, there is increasing evidence that psychological stress can influence the progression and survival of patients with cancer. 8, [13] [14] [15] [16] Likewise, reduced psychological stress appears both to decrease medication requirements and to improve organ function in systemic inflammatory disorders. 17 Among dermatoses, atopic dermatitis, [18] [19] [20] [21] psoriasis, [22] [23] [24] [25] [26] [27] and a variety of other dermatoses are anecdotally linked to psychological stress. 2, 24, [28] [29] [30] Psychological stress also is associated with delayed wound healing in both humans 31 and a murine model. 32 It also is widely accepted that optimal management of these skin conditions requires consideration of coexistent emotional factors. 20 Accordingly, stress-reduction techniques, such as meditation, biofeedback, and hypnosis, may benefit some patients with these disorders. 20, [33] [34] [35] [36] [37] It is noteworthy that some of the most common skin disorders that are com- monly associated with increased psychological stress, eg, psoriasis, eczema, and healing wounds, 38 are characterized by defective cutaneous permeability barrier function. For example, even the apparently uninvolved skin of patients with atopic dermatitis demonstrates increased transepidermal water loss (TEWL), and barrier function deteriorates still further in involved skin sites. 39, 40 Psoriatic lesions also display abnormalities in TEWL, 41, 42 and the severity of lesional phenotype in psoriasis correlates directly with the extent of the barrier abnormality. 43 Recent studies suggest that a barrier abnormality, coupled with epidermal injury, provokes or sustains these cutaneous disorders through activation of an epidermal initiated cytokine cascade. 44, 45 Our laboratory has explored the potential pathogenic link between psychological stress and permeability barrier homeostasis. In 3 different murine models of psychological stress, Denda et al 46, 47 recently demonstrated defects in barrier function that were reversed by the systemic coadministration of anxiolytic agents. In the present study, we assessed whether increased levels of psychological stress in medical, dental, and pharmacy students are paralleled by alterations in permeability barrier homeostasis. We found that increased psychological stress during examination periods, a well-accepted stress model, is associated with a reversible deterioration in transcutaneous water permeability. These findings point to a potential pathogenic link between psychological stress, permeability barrier homeostasis, and the induction, exacerbation, and propagation of inflammatory skin disorders.
RESULTS

PERCEIVED STRESS DURING THE DIFFERENT PERIODS
Psychological stress levels and permeability barrier function were assessed first in all 27 subjects shortly after their return from winter vacation, the LS1 period. To test the hypothesis that the perceived psychological stress of examinations results in decompensation of permeability barrier homeostasis, we reevaluated the same parameters in the same subjects 6 weeks later, ie, during final examination week, the HS period. During the HS period, the subjects as a group perceived a significant increase in psychological stress relative to the LS1 period on both the POMS and the PSS (Figure 1 ; PϽ.001 and PϽ.05 for the POMS and the PSS, respectively). Moreover, the increases in stress scores extended to all subscales of the POMS; ie, most subjects reported significantly higher levels of anger, confusion, depression, fatigue, tension, and reduced vigor (Table; PՅ.02). We also examined perceived levels of stress and barrier repair approximately
SUBJECTS AND METHODS
EXPERIMENTAL SUBJECTS AND STUDY DESIGN
Twenty-seven students who were randomly chosen from a larger group of students attending the University of California, San Francisco, School of Medicine, Pharmacy, or Dentistry provided informed consent to participate as paid volunteers in a study on the effects of psychological stress on permeability barrier function in normal skin. The study subjects, who ranged in age from 23 to 27 years (mean age, 24.4 years), represented a broad cross section of their respective student bodies.
Characteristics
No The subjects were in good health and free of preexisting primary skin disease, and none was receiving sedatives, antidepressants, psychotherapy, or exogenous steroid hormones (however, 12 of the 21 women were taking oral contraceptives). Since prior studies showed that barrier recovery kinetics are not affected by sex or race, 48 no subjects were excluded based on these criteria.
We assessed permeability barrier function in parallel with completion of 2 standard self-report inventories for psychological stress at 3 occasions: (1) an initial period of presumed lower stress (LS1), ie, shortly after return from winter vacation (January 1999); (2) a period of presumed higher stress (HS), approximately 4 weeks later, during final examination week (February 1999); and (3) a recurrent period of presumed lower stress (LS2), approximately 4 weeks after the HS period, shortly after return from spring vacation. Because of scheduling difficulties, only a limited number of students (n = 17) were available for reexamination at the LS2 period. These students did not differ from the group as a whole, as examined during the other 2 periods. Because of prolonged cold weather during the winter of 1999, both outdoor temperatures and humidity levels remained comparable in San Francisco, from January through mid-March 1999.
PSYCHOLOGICAL STRESS ASSAYS
The extent of perceived psychological stress and related anxiety were assessed using 2 self-report measures: the Profile of Mood States (POMS) and the Perceived Stress Scale (PSS). The POMS is a 65-point, descriptive rating scale that identifies and assesses transient fluctuations in mood state. 49 The POMS consists of 6 individual subscales: Tension-Anxiety, Depression-Dejection, Anger-Hostility, VigorActivity, Fatigue-Inertia, and Confusion-Bewilderment. The total score of the POMS, referred to as total mood disturbance, represents a summation of the 6 subscale scores. In contrast, the PSS is a 14-item scale that assesses global 4 weeks later, after the students had returned from spring vacation. Seventeen of the original 27 students agreed to return for this third evaluation (LS2). On both the PSS and the POMS, these students displayed psychological stress levels that were significantly lower than those recorded during the HS period (Figure 1 ; PϽ.05 and PϽ.001 for the PSS and the POMS, respectively). In fact, stress levels, as measured by both instruments, returned to levels similar to those of the LS1 period (Figure 1) . Moreover, all 6 subscales of the POMS also demonstrated significantly reduced scores during the LS2 period compared with the HS period (Table; PՅ.01 for each component).
BARRIER RECOVERY DURING THE DIFFERENT PERIODS
We simultaneously assessed permeability barrier homeostasis in these subjects. Under basal conditions, ie, prior to experimental disruption by tape stripping, there were no differences in permeability barrier function at the LS1, HS, or LS2 period and very low intersubject and intrasubject variability (not shown). Similarly, barrier integrity, as measured by the number of tape strippings required to disrupt the permeability barrier to less than 20 g/m 2 of water loss, did not differ significantly among subjects under HS vs LS. However, in contrast to basal TEWL levels, after an acute insult (tape stripping), repeated-measures analysis revealed significant changes in the rates of barrier recovery across the 3 periods. Post hoc analysis revealed that barrier recovery slowed significantly at 3, 6, and 24 hours in the subjects as a whole during the HS period compared with recovery rates during both LS1 and LS2 periods (Figure 2 ; F=18.87; df=12.2; PϽ.001). In contrast, there were no significant differences at these 3 time points between the LS1 and the LS2 periods. The greatest differences in rates of barrier recovery were at the 3-hour point during the HS period vs the LS1 period. Thus, an increase in perceived psychological stress was associated with delayed barrier recovery after acute permeability barrier disruption in the subjects as a group.
To further assess whether permeability barrier homeostasis is influenced by psychological stress, we next measured permeability barrier homeostasis during the LS2 period. As seen in Figure 2 , the kinetics of recovery returned to levels comparable to those of the LS1 period. These findings suggest that the apparent adverse effects of examination-induced psychological stress on permeability barrier homeostasis are reversible during a subsequent low-stress occasion. Taken together, these results show a negative association between perceived psychological stress and permeability barrier homeostasis.
perceptions of psychological stress, and measures the extent to which the subject appraises situations in his or her life as unpredictable, uncontrollable, and/or overloading. 50 Both measures are widely employed, have strong normative data, and are psychometrically credible in terms of their reliability and validity. Moreover, there is strong evidence for their validity and usefulness for the measurement of psychological experiences that together or separately reflect psychological stress. The PSS and the POMS were administered to subjects at each of the 3 designated time points, immediately prior to assessment of permeability barrier function (see below). For both instruments, higher scores indicate greater levels of psychological stress. Since students in all 3 professional schools (medical, dental, and pharmacy) exhibited comparable changes in stress during the LS1-HS-LS2 intervals, subsequent analyses considered the group as a unit.
MEASUREMENTS OF PERMEABILITY BARRIER HOMEOSTASIS
Students kept their arms and forearms free of topical emollients for at least 1 week before each testing period. The LS1 and LS2 measurements were obtained on the nondominant forearm, and the HS assessments were obtained on the dominant forearm to avoid any residual effects of tape stripping. In preliminary studies, barrier recovery was found to be similar on the dominant and the nondominant forearms. Using an evaporimeter (Servo Med; Varberg, Sweden), basal TEWL was assessed at 3 sites on the volar surface of the forearm at distances between 4 and 10 cm below the antecubital fossa. Measurements were obtained in a temperature-controlled room (24°C) and were recorded in grams per square meter per hour. 51 Relative humidity ranged between 31% and 45%, and atmospheric pressure ranged from 7. per hour was attained (a total of 15 or 20 strippings was required in all cases). The TEWL then was assessed over each of the 3 sites at 0, 3, 6, and 24 hours after barrier disruption. The 2 sites that displayed TEWL values closest to each other were used for further data analysis (see below). Data from the most proximal vs the most distal sites presumably differed more because of known differences in barrier function over proximal vs distal forearm skin.
ANALYTICAL METHODS
Since we used repeated measures on the same subjects, we used multivariate analysis of variance to test whether (1) perceived stress increased during finals and (2) skin barrier recovery at 3, 6, and 24 hours differed between the HS period and both LS periods. If significant main effects were detected, then post hoc t tests were conducted to determine the source of these differences. Correlations were computed to show that changes in perceived stress (as measured by the POMS and the PSS) from LS1 to HS are associated with changes in 3-hour skin barrier recovery from LS1 to HS. A random regression analysis was conducted to determine whether HS POMS subscale scores predicted 3-, 6-, and 24-hour skin barrier recovery at LS1 and HS after LS1 POMS subscale scores were controlled for. 
RELATIONSHIP OF CHANGES IN PSYCHOLOGICAL STRESS TO CHANGES IN BARRIER HOMEOSTASIS
We then examined the relationship of changes in the level of stress with changes in barrier homeostasis from the LS1 to the HS period. As shown in Figure 3 , there was a strong correlation between increased stress levels and decreased barrier recovery rates (at 3 hours) for the POMS (r = −0.42; P = .03), and a lesser correlation for the PSS, which did not reach statistical significance (r =−0.33; PՅ.10). Thus, the subjects who demonstrated the greatest increase in perceived psychological stress also displayed the greatest abnormality in barrier recovery rates.
EFFECTS OF SPECIFIC STRESSORS ON BARRIER RECOVERY
Finally, to measure the effects of alterations in psychological stress on skin barrier recovery, we performed random regression analyses that took into account baseline (LS1) psychological stress, as assessed by the POMS subscales during the LS1 period, and skin barrier recovery. The dependent variables were 3-, 6-, and 24-hour skin barrier recovery at LS1 and HS. The HS POMS Tension and Vigor subscales (P=.05 and P=.01, respectively) significantly predicted a delay in skin barrier recovery.
COMMENT
Recent studies in rodents found that imposition of 3 unrelated forms of psychological stress provokes an abnormality in permeability barrier homeostasis. 46, 47 The present study is the first to find in humans that a decline in permeability barrier homeostasis parallels the superimposed stress of taking examinations. In the animal models, coadministration of tranquilizers with stressors normalized permeability barrier function. 46 It is therefore plausible that the changes in psychological stress were responsible for the decline in barrier function demonstrated in the present study. This conclusion is further supported by the observation that those subjects who demonstrated the greatest increase in psychological stress by both the POMS and the PSS displayed the greatest impairment in barrier function. Moreover, barrier function returned to normal coincident with a reduction of psychological stress in both assays during a subsequent vacation period. Furthermore, both psychological instruments that we used demonstrated substantial evidence of validity, because the mean responses (and the subscales of one of them, the POMS) changed exactly as we hypothesized they would during both the LS and the HS periods. Yet, we do not know whether other unrelated or less stressful stimuli would produce similar functional alterations. These findings also could not be attributed to seasonal fluctuations, since neither temperature nor humidity levels changed during the study period, and they could not be explained by other differences among subjects, since they served as their own controls. Furthermore, observer bias probably did not influence these results, because each site on each subject was tape stripped equivalently at all time points. Finally, it is important to note that basal permeability rates did not change in these subjects, even with concurrent increases in psychological stress. Thus, these studies demonstrate the importance of dynamic (in this case, the kinetics of barrier recovery), rather than static measures, to unearth potentially important differences in cutaneous function. 48, 52 Some investigators believe that stress-induced release of neuroimmune substances adversely influences cutaneous homeostasis through activation of immunologic/inflammatory processes in deeper skin layers. 2, 30, 53 However, recent studies support an alternate or parallel pathway, ie, that stress adversely affects permeability bar- *POMS indicates Profile of Mood States; LS1, low stress 1; HS, high stress; and LS2, low stress 2 (see the "Experimental Subjects and Study Design" subsection of the "Subjects and Methods" section for further explanation of the psychological stress periods). The P values are based on post hoc tests from repeated-measures multivariate analysis of the 6 subscale scores from the 3 periods. rier homeostasis by increasing systemic glucocorticoid levels. The following observations support this scheme: (1) in both rodents 47 and humans, [54] [55] [56] the induction of psychological stress is associated with increased endogenous glucocorticoid production; (2) the adminstration of systemic glucocorticoids adversely affects barrier homeostasis 47 and epidermal cell proliferation 57 in rodents; and (3) the coadministration of the steroid hormone receptor antagonist RU-486, along with psychological stressors, blocks development of the barrier abnormality, 47 further suggesting that glucocorticoids play an important role in mediating the adverse effects of stress on the skin. Other investigators have also shown that antagonism of glucocorticoid action reverses a psychological stress-induced delay in wound healing in rodents. 32 Finally, the potential relevance of increased glucocorticoid production or responsiveness for disease pathogenesis is supported further by the presence of elevated serum cortisol levels in patients with psoriasis during acute exacerbations 25 and by the clinical observation that exogenous steroids frequently trigger flares of both psoriasis and atopic dermatitis. 58 Yet, serum and salivary cortisol levels do not always change with altered psychological stress in humans, despite significant outcome differences. [59] [60] [61] [62] [63] In summary, substantial evidence supports a role for glucocorticoids in the stressinduced deterioration of barrier homeostasis, but the mechanisms by which glucocorticoids effect barrier homeostasis remain to be elucidated.
The peripheral nervous system and the skin are intimately connected via free nerve endings that extend to the epidermis. [64] [65] [66] Because these afferent nerves are thought to serve as neurosecretory effectors, 67, 68 descending autonomic fibers could antidromically release neuropeptides within or near the epidermis during times of increased psychological stress. 30, 53, 69 A pathogenic role for neuropeptides is supported by (1) the observations that both substance P and vasoactive intestinal peptide levels change in the involved skin of atopic dermatitis and psoriasis [70] [71] [72] [73] [74] [75] ; (2) both of these neuropeptides are known keratinocyte mitogens 53, [76] [77] [78] ; and (3) cutaneous nerves may activate Langerhans cells. 66, 79 Conversely, topical applications of capsaicin, which depletes neuropeptides from primary sensory neurons, 80 parenteral administration of somatostatin, a neuropeptide that inhibits the release of peptide hormones or peripheral nerve reaction, 81 and peripheral nerve resection 82 improve lesion severity in psoriasis.
The clinical relevance of our observations relates to the potential role of psychological stress-induced perturbations in the initiation or aggravation of skin diseases. Several of these disorders, including such common conditions as atopic dermatitis, contact dermatitis, and psoriasis, are anecdotally provoked by enhanced psychological stress. Moreover, these disorders also are often triggered, sustained, or exacerbated by external physical insults to the epidermis. 45, 46 These insults, in turn, are known to lead to enhanced synthesis and release of cytokines from the epidermis. 44, 45, 83 Moreover, epidermal hyperplasia, Langerhans cell activation, and inflammation develop rapidly following these acute insults. [84] [85] [86] Thus, psychological stress could change the threshold for physical insults (eg, the Koebner phenomenon in psoriasis), or it could prolong the recovery from such insults, resulting in enhanced epidermal mediator production. The net effect would be a lowered threshold for disease induction, or interference with disease resolution (Figure 4) . 44, 45 Despite the fact that the responsible pathogenic signaling mechanisms in humans remain speculative, these studies have important implications for the primary and ancillary management of diverse dermatologic disorders, such as dishydrotic eczema, psoriasis, atopic dermatitis, contact dermatitis, and wound healing, all of which are characterized by barrier dysfunction. If the results of this pilot study are confirmed in subsequent cohorts of subjects, they would provide a potent rationale to include stress-reduction measures in the management of many common skin conditions. 87 Accepted for publication July 5, 2000 
